Introduction {#S1}
============

Schizophrenia is a complex brain disorder affecting perception, thinking, behavior, cognition and social functioning. The disorder affects about 1% of the adult population and is a huge burden for those diagnosed, their families, and society. As is the case with most psychiatric disorders, schizophrenia is a syndromal diagnosis based on observed behavior, duration of symptoms and impaired function rather than on a biological understanding of disease etiology. This has significantly hindered progress in developing more precise diagnosis and better therapeutics to improve patient outcomes.

Schizophrenia is substantially heritable making it a target for human genetics research. As genomic technologies have improved a wide spectrum of genetic risk factors has emerged, encompassing common and rare risk variants, but also suggesting significant genetic heterogeneity within the patient population. Published genome-wide association studies (GWAS) have confirmed at least 20 common loci of small effect ^[@R1],\ [@R2]^, with many more likely to be detected as sample sizes increase ^[@R3]^. From GWAS data, it has also been possible to estimate that common risk variants account for at least a quarter of the genetic contribution to schizophrenia risk ^[@R4]^ and that genetic risk overlaps with other psychiatric disorders, in particular bipolar disorder ^[@R5],\ [@R6]^. Studies of rare variation identified recurrent copy number variants (CNV) which have a moderate or large effect on schizophrenia risk^[@R7]--[@R9]^ but also implicate *de novo* mutation (DNM) mechanisms as a critical source of private, large effect risk variants in schizophrenia ^[@R10],\ [@R11]^. Significantly, almost all of the confirmed CNVs are also risk factors for other neurodevelopmental disorders including autism, intellectual disability (ID) and seizure disorder. In many instances, for example the 1q21.1 deletion originally identified as a risk factor for schizophrenia, the CNV actually has a substantially greater effect on risk for developmental delay, intellectual disability, and autistic spectrum disorder ^[@R12]--[@R14]^.

Exome sequencing studies of parent offspring trios ^[@R15],\ [@R16]^ and the accrued risk associated with greater paternal age ^[@R17]^ suggest that an increased rate of DNMs disrupting gene function (e.g. missense and nonsense mutations), could play a significant role in schizophrenia susceptibility. Similar findings have been reported for other severe neurodevelopmental disorders, including autism ^[@R18]--[@R21]^ and intellectual disability ^[@R22]--[@R24]^. Although the rate of functional DNMs may be increased in neurodevelopmental disorders, the genetic heterogeneity, the abundance of loss of function mutations in the genome of healthy individuals, and the abridgement in our understanding of immediate mutational effects on gene function and downstream biological processes makes pinpointing or prioritizing specific mutations difficult. In addition to more exome sequencing studies of trios with neurodevelopmental disorders, analytical approaches that overcome inherent analytical biases (e.g. the limited curation of biological resources) are necessary to elucidate disease pathogenesis.

In this study we have sequenced the exome of 171 individuals representing 42 sporadic and 15 familial trios with schizophrenia or a related psychotic condition to identify additional risk mutations. In our primary analysis we test the hypothesis that the rate of functional DNM is increased in the sporadic and familial trios group compared to the expected rate in unaffected individuals. We perform a hypothesis-free over-representation analysis using the ontology and annotations from Neurocarta to determine whether the genes with DNM were enriched in other neurodevelopmental disorders^[@R25]^. We assess if genes with DNMs in our dataset are over represented among highly specific chromatin remodeling genes based on protein domain data ^[@R26],\ [@R27]^ and in chromatin remodeling genes previously implicated in mental disorders ^[@R28]^. Finally we evaluate the robustness of our findings in recently published exome data sets of schizophrenia, autism and intellectual disability trios.

MATERIALS/SUBJECTS AND METHODS {#S2}
==============================

Sample Collection {#S3}
-----------------

All participants gave written informed consent according with local research ethics committee approval. Participants were screened for psychiatric disorder by a trained clinician and cases were interviewed using a structured clinical interview (Structured Clinical Interview for DSM-IV (SCID-P) (ISBN:0880489324) ^[@R29]^. Diagnosis of a major psychotic disorder was made by the consensus lifetime best estimate method using DSM-IV criteria with all available information including interview, family history (or staff) report and chart review. All cases were over 18 years of age, of Irish origin (having all four grandparents born in Ireland) and had been screened to exclude substance-induced psychotic disorder or psychosis due to a general medical condition. Family History was defined by the absence or presence of psychosis in 1° or 2° relatives. Further details on ascertainment methodology are provided in (ref ^[@R30]^) and information on the family history, age at onset, illness course and other clinical indices of included trios are provided in [Supplementary Information](#SD1){ref-type="supplementary-material"}.

Exome Capture and Sequencing {#S4}
----------------------------

Exome capture DNA library was performed using the Solution Phase Exome Capture method^[@R31]^, which is a compilation and optimization of the Bioo Scientific NEXTflex^™^(Illumina Compatible) Sequencing Kit and NimbleGen, Inc SeqCap EZ Library and Technology Note: Targeted Sequencing with NimbleGen SeqCap EZ Libraries and Illumina TruSeq ® DNA Sample Preparation kit. Briefly, sonicated genomic DNA ranging from 1--5μg was used to create TruSeq Barcoded libraries. Approximately 1μg of the pre-capture library was hybridized with the NimbleGen's SeqCap EZ Human Exome Library v2.0 probes (NimbleGen SeqCap EZ Exome User's Guide and TechNote for paired-end libraries.) for 72 hours at 47°C. Following dual PCR enrichment and QC evaluation, samples with Bioanalyzer traces resulting in broad peaks ranging from 250bp--850bp and producing the highest peak around 400bp (DNA insert plus adaptors) were pooled. Libraries were sequenced on 3 or 4 lanes on a HiSeq 2000 with a Paired End 101 run including a 7 reads indexing run for the barcode detection. Additional methodological details are provided in the [Supplementary Information](#SD1){ref-type="supplementary-material"}.

Data Processing and Variant Calling {#S5}
-----------------------------------

Sequence reads from the Illumina HiSeq 2000 runs were demultiplexed using the Illumina Casava v1.8 pipeline, aligned to hg19 using the BWA aligner ^[@R32]^, allowing 2 mismatches in the 30-base seed. Alignments were then paired, imported to binary (bam) format, sorted and indexed using SAMtools^[@R32]^. Picard was then used to fix any mate pair information altered by the sorting. Bamtools^[@R33]^ was used to filter alignments to retain only properly paired reads (reads aligned with appropriate insert size and orientation). PCR duplicates were removed using Picard. Bamtools^[@R33]^ was then used to select alignments with a minimum mapping quality score of 20. Target coverage for each NimbleGen exome capture was assessed using Picard's HSmetrics utility, and both depth and breadth of coverage were reviewed for each sample. The Genome Analysis Toolkit^[@R34]^ GATK was used for local read realignment around indels, and for base quality score recalibration using corrections for base position within the Illumina read, for sequence context, and for platform-reported quality. Filtering criteria are provided in the [Supplementary Materials](#SD1){ref-type="supplementary-material"}. Finally, the variant calls were processed with snpEff v 2_0\_5b^[@R35]^ to provide annotation.

De Novo SNV and INDEL Discovery {#S6}
-------------------------------

Any proband SNV that was not present in either parent was considered for further analysis. All proband variants required \>10x in all members of the trio. Variants were also filtered for segmental duplications and presence in the Exome Variant Server (EVS6500). Indels were filtered similar to Iossifov et al^[@R18]^, any Indel called in a proband was removed from further analysis if at least one read from either parent backed the Indel call. In addition 15 reads supporting the reference allele were required in all three members of the trio. Finally at least 5% of the reads in the proband were required to support the indel. Further Details are provided in the [Supplementary Materials](#SD1){ref-type="supplementary-material"}.

Variant Annotation {#S7}
------------------

Putative de novo variants affecting protein function were selected based on the SNPEFF annotations of these data. In line with the annotation of existing data sets ANNOVAR to annotated the selected SNVs and Indels ^[@R36]^. Scores from SIFT ^[@R37]^, PolyPhen2 (REF^[@R38]^), LRT^[@R39]^, MutationTaster^[@R40]^, were used to predict the amino acid effects on protein function. PhyloP ^[@R41]^, GERP ++ (Ref^[@R42]^) and phastCons 46 way scores were determined to measure conservation of variant sites. The variants were then tested for allele frequency in the 1000 Genomes and again by the Exome Variant Server (6500).

Confirming Relatedness {#S8}
----------------------

Trio relatedness was confirmed using a combination of two measures the Glabtiz score^[@R43]^ and the Square Sum of the difference in the number of alternative alleles between two individuals. We used a set of 17,855 common SNPs with alternative allele frequency between 0.45 and 0.55 with thresholds for relatedness scores at 0.79 and 9,000 for the Glaubitz Score and Square Sum, respectively.

SNV Mutation Rate and Differences in Functional Annotations {#S9}
-----------------------------------------------------------

Mutation rates were determined within targets with a mean coverage \>10x in each proband and respective parents jointly. Confidence Intervals for the mutation rates were determined using a two sided binomial exact test. These rates were compared to prior estimates described and tabulated in the supplementary note using binomial exact tests. We compared the distribution of missense, nonsense and silent mutations to data ascertained in recent studies further described in the [Supplementary Materials (Table S8)](#SD1){ref-type="supplementary-material"}. Binomial exact test were used to determine the significance of the missense to silent and nonsense to missense ratios.

Analysis of Haploinsufficiency and Residual Variation Intolerance Score (RVIS) {#S10}
------------------------------------------------------------------------------

Functional analyses were limited to DNMs defined by the following categories (1) Broadly Damaging: de novo missense variants considered by one or more prediction algorithm to possibly alter or damage gene function; (2) Nonsense mutations; (3) Likely Gene Disruptive (LGD) mutations such as nonsense, frameshifts and canonical splice-sites; (4) LGD+ Broadly Damaging. For comparison we also assessed silent variants. Gene based gene-based probability of exhibiting haploinsufficiency and RVIS scores based on ESP6500 (All_0.1%) were obtained from Huang et al ^[@R44]^ from Petrovski et al^[@R45]^ respectively. The distribution of haploinsufficiency probabilities and ranked RVIS scores for genes in the defined mutational categories were compared to the remainder of the genome using a two-sided Wilcoxon rank sum test. To rule out a potential bias in on our observation due to gene size, 10,000 permutations were performed selecting genes randomly controlling for gene length and GC content.

Disease Gene Ontology {#S11}
---------------------

We used 26762 human-phenotype associations across 6788 human genes in 2178 phenotype categories from Neurocarta^[@R46]^ to access the enrichment of disease ontologies in our list of genes. We treated the functional annotation of genes as being drawn from a pool of 19099 genes in UCSC GoldenPath "known genes" table. We used the hypergeometric distribution to calculate the significance of overlaps between Neurocarta phenotypes and DNM gene sets. The ontology data was filtered to disorders with 10 or more reliable gene-phenotype relationships (\>0.4) in order to flatten representation biases, leaving 72 of the original 2178 phenotypes. Bootstrap permutations (10,000) were performed sampling genes with probabilities determined by coding length and GC content. Reported p-values were multiple-test corrected using the Benjamini-Hochberg correction.

Enrichment of De Novo Mutations in Chromatin Modifier Genes {#S12}
-----------------------------------------------------------

Pfam domain information for all genes in the genome was obtained from the UCSC genome browser and matched to logs odds ratio (LOR) for 3,469 Pfam protein domains obtained from Pu et al 2010^[@R26]^. Pfam domains with no LOR value as min(LOR)-1. A list of chromatin modifiers implicated in mental disorders was obtained from Ronan et al (Ref ^[@R28]^). We used the hypergeometric test to calculate the significance of overlaps between chromatin modifers (LOR\>5 and the disease list) and DNM sets. Bootstrap permutations (10,000) using the same parameters as in the Gene Ontology analysis.

Assessing Additional Neurodevelopmental and Healthy Trio Exome Data sets {#S13}
------------------------------------------------------------------------

Our cross disorder analysis included data from published trio-based exome studies representing two schizophrenia cohorts (Xu et al ^[@R47]^ and Gulsuner et al ^[@R48]^); four Autism data sets (O'Roak et al ^[@R20]^, Neale et al ^[@R19]^, Iossifov et al^[@R18]^, Sanders et al ^[@R21]^) and two Intellectual Disability cohorts (Rauch et al ^[@R23]^ and de Ligt et al ^[@R22]^). For the purpose of this analysis, Afrikaner and US cohorts reported by Xu et al^[@R47]^ in their schizophrenia study were analyzed separately. De novo SNV calls in these data were annotated and filtered using the same pipeline applied to our data. Additional analytical details are provided in the [supplementary materials](#SD1){ref-type="supplementary-material"}.

URLS {#S14}
----

PICARD: <http://picard.sourceforge.net/>

UCSC Hg19: <http://genome.ucsc.edu/>

snpEff: <http://snpeff.sourceforge.net/faq.html#What_effects_are_predicted?>

Exome Variant Server <http://evs.gs.washington.edu/EVS/>

1K Genomes Project: <http://www.1000genomes.org/>

RVIS: <http://chgv.org/GenicIntolerance/>

Results {#S15}
=======

*De Novo* Variant Discovery in Schizophrenia Trios {#S16}
--------------------------------------------------

We performed whole exome sequencing on 57 complete parent-parent-offspring trios with schizophrenia or a related psychiatric condition, composing 42 "sporadic" trios and 15 "familial trios" defined by the absence or presence of psychosis in 1° or 2° relatives, respectively ([Supplementary Information, Table S1](#SD1){ref-type="supplementary-material"}). On average, 94.2M properly paired reads mapped to the human exome reference (target size\~36MB) for sporadic trios providing a mean coverage of 67X with over 90% of the exome covered at 10X or greater ([Supplementary Information, Table S2](#SD1){ref-type="supplementary-material"}). The number of mapped reads and mean coverage was higher for familial trios, however with little gain in the breadth of coverage at 10x ([Supplementary Information, Table S2](#SD1){ref-type="supplementary-material"}).

Proband calls were filtered for coverage (\>10X), for parental variants, and for presence in the Exome Variant Server 6500 and 1000 Genomes (URL). Fifty-nine exonic *de novo* variants validated by Sanger Sequencing including 58 *de novo* SNVs (dnSNVs), one *de novo* dinucleotide variant (dnDNV) ([Table S3](#SD1){ref-type="supplementary-material"}). The combined effect of both adjacent dnDNV nucleotide substitutions introduced a stop codon in *SEC31A* and therefore the dnDNV was considered a nonsense variant in down stream analysis.

Of the 59 exonic dnSNVs, 47 and 12 were present in sporadic and familial trios, respectively. In sporadic trios, 28/47, 5/47 and 14/47 DNMs were classified as missense nonsense and silent mutations respectively. In familial trios the, 10/12 and 2/10 DNMs were classified as missense and silent, respectively. The number of dnSNVs per sporadic trio was higher (1.12) than for familial trios (0.8) however, the difference was not consistently significant ([Supplementary Information](#SD1){ref-type="supplementary-material"}). In both cohorts the distribution of DNMs was consistent with an expected Poisson distribution ([Supplementary Information, Table S4, S5](#SD1){ref-type="supplementary-material"}). The overall mutation rates observed in sporadic (1.62×10^−8^) and familial trios (1.16×10^−8^) were within range of rates observed in previous studies ([Supplementary Information, Table S6](#SD1){ref-type="supplementary-material"}). We did not see a correlation between paternal age and the number of DNMs per trio in this relatively small dataset. Likely *de novo* INDELs were filtered similarly to Iossifov *et al*. ([Supplementary Information](#SD1){ref-type="supplementary-material"}). Six *de novo* INDELs (dnINDs) were detected and validated by Sanger sequencing five of which were predicted to generate amino acid frameshifts and present in the sporadic trios

Distribution of Exonic DNMs in Schizophrenia Trios {#S17}
--------------------------------------------------

In contrast to the distribution of exonic DNMs in healthy trios previously used in exome sequencing studies of autism ([Supplementary Information, Table S7](#SD1){ref-type="supplementary-material"}), there was no significant difference in the proportion of missense DNM in the sporadic trios however the proportion of nonsense DNMs was increased approximately 3.5-fold (0.101 vs. 0.031, empirical *P=*0.01, BH-corrected P=0.044, [Supplementary Information, Table S8](#SD1){ref-type="supplementary-material"}). Furthermore, the ratio of nonsense to missense DNMs in sporadic trios was also significantly greater than expected (P=0.01) ([Supplementary Table 9](#SD1){ref-type="supplementary-material"}). In familial trios, although there was proportionally more missense than silent variants (ratio 5:1), the difference was not significant. Nonsense mutations were not identified in the familial schizophrenia trios.

Haploinsufficiency and Intolerance Analysis of Genes with Exonic DNMs {#S18}
---------------------------------------------------------------------

To prioritize likely candidate mutations based on functional impact, the distributions of haploinsufficiency and Residual Variation Intolerance Score (RVIS)^[@R45]^ were analyzed in five mutation groups defined by (1) Broadly damaging missense: DNMs that are potentially damaging by one or more prediction algorithms; (2) Nonsense; (3) Likely gene disruptive (LGD): nonsense, frameshifts and splice sites; (4) LGD and Broadly Damaging Missense and (5) silent mutations.

Relative to genomewide predications, genes with nonsense DNM in sporadic trios had significantly higher probabilities of haploinsufficiency ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"} *P*=0.0029, BH-corrected P=0.015). This remained significant after simulations controlling for gene size and GC content (P=0.0012, BH-corrected P=0.006). All but one gene ranked in the top 15% of probable haploinsufficient genes ([Table 1](#T1){ref-type="table"}). The genes in other mutational group did not show significantly higher probabilities of haploinsufficiency

Similarly, RVIS scores of genes with nonsense DNMs ranked significantly higher relative to genome-wide predictions (*P*=0.0013, BH-Corrected *P*=0.0022). This effect was even more evident for genes with broadly damaging missense DNMs (P=2×10^−4^, BH-Corrected P=5×10^−4^). These results remained significant in simulations controlling for gene size and GC content (Nonsense: P= 0.0027, BH-corrected P =0.0067; Broadly Damaging: P=0.0081, BH-corrected P=0.014). Collectively, the RVIS scores for genes with LGD and broadly damaging mutations ranked significantly higher relative to the remainder of the genome before and after controlling for gene size and GC content (*P*=2.01×10^−5^, GC-Size-BH-Corrected=2.1×10^−3^). Genes with silent DNMs did not show any difference relative to the genome. Genes ranked in the top 15% RVIS intolerant scores are shown in [Table 1](#T1){ref-type="table"}.

Notably, among genes ranked in the top 15% of RVIS scores, nonsense DNMs in sporadic trios were identified in Chromodomain Helicase DNA Binding Protein 8 (*CHD8)*, Autism Susceptibility Locus 2 (*AUTS2)*, Histone Lysine Methyltransferase 2 gene (*MLL2)*. Prior genetic evidence suggests that *CHD8*, *AUTS2* and *MLL2* may have an important role in the risk and pathogenesis of neurodevelopmental disorders. Broadly damaging DNMs discovered in other genes implicated in neurodevelopmental disorders such methyl-DNA binding protein, *MECP2,* E3 ubiquitin-protein ligase *HUWE1*, and Trafficking Protein Particle Complex 9 (*TRAPPC9*) may also be of etiological relevance in this cohort. Recurrent broadly damaging missense DNMs in *PITPNM1* observed in this study and another schizophrenia cohort suggests this gene may also be of importance.

Enrichment Analysis of DNMs in ASD/ID Implicated Genes {#S19}
------------------------------------------------------

In a hypothesis-free over-representation analysis using high quality disease ontology annotations (\>=10 genes, \>0.4 quality score, yielding 72 phenotypes) from Neurocarta ^[@R25]^, the ontologies, "autism spectrum disorders", "autistic disorders" and "intellectual disability" were the most significantly over-represented disorders in all mutational categories assessed except for silent mutations. After correcting for assessment across this broad set of phenotypes, these disorders remained the highest ranked disorders in all mutation categories, with significant evidence for enrichment of LGD+Broadly damaging de novo's in "autistic disorders" (BH-corrected P=0.02). The enrichment of autism and intellectual disability among genes with de novo mutations was significant in repeated simulations controlling for gene size and GC content. This provides support for a specific overlap between schizophrenia and autism at the gene level. Genes factoring in this enrichment were, *CHD8*, *MECP2*, *AUTS2*, *HUWE1*, and *TRAPPC9.*

DNMs in Chromatin Modifiers {#S20}
---------------------------

The convergent molecular functions of *CHD8*, *MECP2 and HUWE1* support growing hypotheses that epigenetic regulation of transcription could represent a shared molecular "risk" mechanism in neurodevelopmental disorders, including autism and ID ^[@R28][@R49]^. Indeed, across all mutational categories except silent mutations, there was a significant over-representation of genes associated with mental disorders involved in chromatin organization, the most significant of which was observed for genes with LGD+Broadly damaging de novos (BH-corrected P= 7×10^−6^). This was significant in repeated simulations that also controlled for gene size and GC content (BH-corrected \>0.0001). Overall, nonsense DNMs were significantly enriched among a set of 419 genes characterized by domains highly specific (LOR\>5) to chromatin modification (P=0.0046, BH-corrected P= 0.023) ([Supplementary Information](#SD1){ref-type="supplementary-material"}) This association was largely contributed by *CHD8* and *MLL2*.

Consistency Across Exome Sequencing Studies of other Neurodevelopmental Disorders {#S21}
---------------------------------------------------------------------------------

To validate this finding we assessed the robustness of our results using data from nine larger exome sequencing studies of trios with neurodevelopmental disorders including schizophrenia (n=3), autism (n=4), intellectual disability (n=2) as well as six "healthy" siblings/controls ([Supplementary Information](#SD1){ref-type="supplementary-material"}).

Following consistent annotation and filtering, a significant increase in the proportion of de novo nonsense mutations was observed in 3 of 9 neurodevelopmental datasets but only 1 of 6 unaffected datasets. ([Supplementary Information, Table S10](#SD1){ref-type="supplementary-material"}). Including the current study, this increase in the proportion of nonsense variation was observed in 40% (4/10) of the neurodevelopmental cohorts. Six of nine additional disease data sets (66%) had significantly more haploinsufficient genes in one of the functional classes with potentially damaging or disrupting mutations, compared to only one control data set ([Supplementary Table S11](#SD1){ref-type="supplementary-material"}). Similarly, 7/9 additional disease data sets had significantly more RVIS-based intolerant genes with broadly damaging or disrupting mutations compared to 2/6 control data sets. Combined with the current study this increase was observed in 80% of exome-based neurodevelopment cohorts ([Supplementary Table S12](#SD1){ref-type="supplementary-material"}).

The only disease ontologies that remained significant in these additional data sets after correction for multiple tests and gene size were "intellectual disability", "autistic disorder", "autism spectrum disorder" and "infantile epilepsy". An over-representation of functional mutations was specifically observed in 3/9 neurodevelopmental data sets ([Supplementary Table S15](#SD1){ref-type="supplementary-material"}). Including our data, these ontologies were enriched in 4/10 (40%) disease data sets analyzed, but not in any control data set.

Finally, 3 out of 9 additional neurodevelopmental data sets had an over-representation of LGD mutations in chromatin remodeling genes implicated in mental disorders ([Supplementary Table S14](#SD1){ref-type="supplementary-material"}). Including our study, this enrichment was observed in 40% (4/10) of the neurodevelopmental data sets analyzed but not in any control data set. Although, the broader but highly specific chromatin modifier gene set was not over-represented among nonsense mutations in any of the additional neurodevelopmental data sets analyzed, they were enriched in other functional mutation classes in 5/9 neurodevelopmental data sets (6/10 including our data) compared to 1 control data set ([Supplementary Table S12](#SD1){ref-type="supplementary-material"}).

Discussion {#S22}
==========

Motivated by the growing interest in identifying ultra rare, potentially highly penetrant, genetic variants underlying the pathogenesis of psychiatric and neurodevelopmental disorders, we describe the exome sequencing 57 parent-offspring trios with schizophrenia or a related psychotic disorder. In our analysis of sporadic trios, we observed a higher than expected proportion of nonsense DNMs. We also found that genes with potentially functional mutations ranked significantly less intolerant to rare variation, complementing recently proposed hypotheses that DNMs may be significant risk factors for sporadic schizophrenia ^[@R16],\ [@R47]^. We also provide supporting evidence that schizophrenia shares a genetic etiology with autism and ID and highlight specific genes with roles in chromatin modification proposing a potential molecular disease mechanism shared by these diseases. The analysis of additional exome studies of neurodevelopmental disorders supports these findings.

Although categorical family history information represents a relatively crude measure of genetic liability, in our dataset, this distinction was sufficient to identify significant increases in the rate of nonsense mutations in sporadic trios relative to familial and healthy controls reinforcing recently emerging hypotheses that DNMs with a greater likelihood of disrupting gene function could play a significant etiological role in neurodevelopmental disorders^[@R16],\ [@R18]--[@R24]^ While DNM in sporadic cases is insufficient to confirm causality, 4 of 5 nonsense DNMs occurred in genes with high probabilities of haploinsufficiency and 3 of 5 genes have been previously implicated in other neurodevelopmental disorders (*CHD8*, *MLL2*, *AUTS2*) increasing the possibility they are highly sensitive to inactivating mutations and significant risk factors for schizophrenia. Larger studies will be important in guiding future gene discovery and widening our perspective on the genetic architecture and allelic diversity of the disorder ^[@R50]^

Consistent with the growing epidemiological ^[@R51],\ [@R52]^ and genetic evidence for a shared etiology between neurodevelopmental disorders, we identified an overlap between genes in several trio-based exome studies sets and autism as well as intellectual disability. Interestingly over-representation of genes with potentially functional mutations was restricted to affected trios and not unaffected trios. Although the enrichment of these diseases was not evident across all of the neurodevelopmental disorder data sets analyzed, autism, ID and schizophrenia are unlikely to represent single disease entities and a substantial genetic and etiological heterogeneity is captured by current neurodevelopmental disorder classification. The analysis of much larger cohorts will be required to identify key points of similarity and difference within these patient groups and as well as support for continuing revisions of gene-phenotype ontologies and quality assignments in Neurocarta.

In contrast to GWAS or CNV studies, the granularity of exome data allows the ability to pinpoint, at a higher resolution, potential molecular risk genes and mechanisms tractable to further investigation. We found a significant over representation of potentially functional DMNs in genes containing domains necessary for editing, reading, writing of histone posttranslational marks and DNA methylation complementing neurobiological findings that epigenetic and retrotransposition regulation play an important role in neurodevelopment ^[@R53]--[@R55]^. Mutations were especially enriched in chromatin modifying genes already implicated in mental disorders such as *CHD8*, *MECP2*, and *HUWE1* suggesting the importance of genes that have evolutionarily impacted the epigenetic regulation of brain development and cognitive function in humans ^[@R26],\ [@R56]^ as having a shared central role in the susceptibility to, pathogenesis, and treatment of neurodevelopmental diseases.

Few of the de novo variants discovered in sporadic trios are expected to be highly penetrant mutations^[@R21]^ ([Supplementary Material](#SD1){ref-type="supplementary-material"}). Consequently, gene prioritization based on disease and function ontologies (e.g. Neurocarta, GO), and network inference (e.g. protein-protein interaction), is important. However, these approaches are not with out limitations. Despite systematic ascertainment, the population of gene-phenotype databases with insufficient literature evidence or weak experimental validity can mislead gene-disease ontologies. Furthermore the ambiguity between mutational effects on gene function and biological processes can bias variant prioritization based on protein-protein interactions and molecular pathways towards genes that are well-studied, are of high node degree or are multifunctional. Probabilistic approaches based on recurrence may circumvent biological information but if the likelihood of recurrence is low, this approach could have limited application in diseases with broad genetic heterogeneity ^[@R57],\ [@R58]^. Alternatively developing a network level understanding of genetic mechanisms by combining complementary genomic datasets that are incognizant of the underlying biology of disease to may be critical to prioritize genes and providing novel insights into disease pathogenesis ([Supplementary Information](#SD1){ref-type="supplementary-material"}).

We have preliminarily used gene expression data from the prefrontal cortex, brain and non-brain to build novel co-expression networks and identified a brain-region specific role for other DNMs, suggesting a new approach to prioritizing future candidate disease-causing variants ([Supplementary Information](#SD1){ref-type="supplementary-material"}). We found that genes with putatively highly damaging variants were preferentially not co-expressed (low connectivity) with one another in the pre-frontal cortex in both the control and schizophrenia conditions. This low connectivity did not extrapolate to the full brain or non-brain network, suggesting that genes such as *AUTS2* and *NIP7* may have particular, independent functions in networks specifically in the pre-frontal cortex. The low connectivity of likely disrupting variants that we observed is consistent with the low node degree of "nonessential" disease genes ^[@R59]^ which are likely under less but still purifying selection than essential higher node degree hub genes ^[@R60],\ [@R61]^. Furthermore the specificity of this low connectivity in the prefrontal cortex, a region of the brain highly relevant to schizophrenia, is concordant with the confined expression of nonessential disease genes to specialized tissues. This is in contrast to hub genes of high node degree, which show widespread expression in multiple tissues. We suggest tailoring of co-expression networks to control for both brain region and disease state represents a potentially interesting approach to determine molecular mechanisms for further research and supports the utility of complementing standard methods with agnostic approaches to prioritize novel disease candidates on genome-wide scales.

In conclusion, our results indicate that potentially functional and deleterious DNMs may contribute to the risk of schizophrenia and are consistent with prior exome studies. Genetic and phenotypic diversity represent a challenge for population-based association approaches and may require a broader inclusion of neurodevelopmental phenotypes in assessment of identified risk genes. Our results provide a defined set of genes that support the genetic overlap between schizophrenia and autism, some of which may have a role in chromatin modeling and epigenetic regulation. The identification of these biological functions as potential contributors to the etiology of schizophrenia is, until very recently very unexpected but is consistent with recent observations in autism genetics (ref CHD8)^[@R58]^ A caveat of our study is sample size and it will be necessary to assess these findings in larger cohorts. However, given the genetic and biological heterogeneity of neurodevelopmental disorders, novel findings require increased granularity which may be shadowed by the reliability of larger cohort studies on formal network analysis that innately rely on limited and biased annotations. As the number of exome studies increase, a more refined set of genes spanning the broad heterogeneity of autism, schizophrenia and other psychiatric disorders will emerge and the incorporation of complementary genomic data may elucidate pathways and mechanisms such as epigenetic regulation that are critical to the development, and ultimately the treatment, of neuropsychiatric conditions.
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  ------------------------------------ ------------ ----------------------------------------- --------- ----------- ------------- ------ ----------------------------------- ------------------------------------------ ------------------------------------ ------------------------------------ ---------------------------------------- ----------------------------------- --------------------------------------- -------------------------------------------
  12                                   49420670     nonSNV                                    MLL2      p.R5027X    C\>T          51     F                                   SCZ                                        21                                   M                                    KS                                       0.647\|9.9%                         \+                                      0.06
  1                                    12316498     misSNV                                    VPS13D    p.R260W     C\>T          19     F                                   SCZ                                        18                                   F                                                                             0.231\|38.1%                        −                                       0.14
  11                                   68204419     misSNV                                    LRP5      p.C1355R    T\>C          53     F                                   SCZ                                        17                                   F                                    EV                                       0.066\|88.0%                        −                                       0.24
  X                                    53654776     misSNV                                    HUWE1     p.V433I     G\>A          4      F                                   SCZ                                        31                                   F                                    MR                                       0.816\|5.4%                         −                                       0.4
  14                                   21860919     nonSNV                                    CHD8      p.S2173X    C\>A          37     F                                   SCZ                                        18                                   M                                    ASD                                      0.637\|10.3%                        \+                                      1.18
  7                                    69364416     nonSNV                                    AUTS2     p.R152X     C\>T          58     F                                   SCZ                                        15                                   F                                    ASD, EP                                  0.741\|7.3%                         −                                       1.82
  8                                    140922446    misSNV                                    TRAPPC9   p.R970Q     G\>A          37     F                                   SCZ                                        18                                   M                                    ID, MR                                   0.143\|56.4%                        −                                       2.77
  16                                   14340403     misSNV                                    MKL2      p.R429H     G\>A          32     F                                   SCZ                                        19                                   M                                    ASD                                      0.316\|27.9%                        −                                       3.27
  11                                   3697753      misSNV                                    NUP98     p.R1650P    G\>C          16     F                                   SCZ                                        14                                   M                                    AML                                      0.932\|2.6%                         −                                       5.01
  11                                   67267698     misSNV                                    PITPNM1   p.R279W     C\>T          53     F                                   SCZ                                        17                                   F                                    SCZ                                      0.106\|70.4%                        −                                       8.2
  4                                    83770051,2   nonSNV                                    SEC31A    p.P764X     CC\>AT        15     F                                   SCZ                                        24                                   M                                                                             0.328\|26.7%                        −                                       8.63
  11                                   62414716     misSNV                                    INTS5     p.V946F     G\>T          24     F                                   SCZ                                        15                                   M                                                                             0.274\|32.4%                        −                                       8.95
  10                                   48390369     misSNV                                    RBP3      p.R170P     G\>C          12     F                                   SA                                         19                                   M                                                                             0.340\|25.8%                        −                                       9.02
  X                                    153296711    misSNV                                    MECP2     p.R202C     C\>T          17     F                                   SCZ                                        24                                   F                                    ASD, RS                                  0.359\|24.3%                        \+                                      10.46
  2                                    43958706     misSNV                                    PLEKHH2   p.E970K     G\>A          39     F                                   SCZ                                        18                                   F                                                                             0.104\|71.0%                        −                                       11.68
  10                                   111642192    misSNV                                    XPNPEP1   p.K347Q     A\>C          49     F                                   SCZ                                        19                                   M                                                                             0.155\|52.8%                        −                                       14.02

Chromosome

Exonic functions. misSNV, missense SNV; nonSNV, nonsense SNV. The de novo dinucleotide in *SEC31A* creates one stopcodon, however ANNOVAR annotations for both individual positions are provided in [Supplementary Table S3](#SD1){ref-type="supplementary-material"}.

FH: Family History. F: Sporadic; T: Familial

Diagnosis. SCZ: Schizophrenia; SA; Schizoaffective

AAO. Age at Onset

Sex M: Male; F: Female

Associated Diseases. KS: Kabuki Syndrome; ASD: Austism Spectrum Disorder; SCZ: Schizophrenia; EV: Exudative Vitreoretinopathy; MR: Mental Retardation; EP: Epilepsy; ID: Intellectual Disability; AML: Acute Myeloid Leukemia; RS: Rett Syndrome

HI: Probability of Haploinsufficiency and percentile rank from Huang et al ^[@R44]^

Genes with Pfam domains with LOR\>1 that they are present or absent in chromatin modifying ^[@R26]^

Residual Variation Intolerance Ranks based on ESP6500 (ALL_0.1%) ^[@R45]^
